The sensitive and convenient detection of pesticides has become an important issue in food safety and environmental pollution. In this work, a unique aptamer biosensor for the detection of acetamiprid based on fluorescence resonance energy transfer (FRET) between complementary aptamer-modified CdTe quantum dots (QDs) and aptamer-modified Cy5.5 dye molecules was developed. Hybridization results in the transfer of excitation energy from the QDs to the dye. The Förster radius (R 0 ) and the distance between the donor and acceptor pair (r) were 4.815 nm and 5.134 nm, respectively, based on an analysis of the ratio of donor-to acceptor-dependent FRET efficiency. The K d was 0.58 mmol L À1 for the Cy5.5-aptamer with acetamiprid. In the presence of acetamiprid, the specific and strong interaction between the aptamer and target inhibited the conjugation of the donor and acceptor, thus leading to a decrease in energy transfer efficiency. A limit of detection (LOD) of 0.02 mM and a wide assay range from 0.01 mM to 10 mM for acetamiprid detection were achieved by fitting the dose-dependent energy transfer efficiency using a 4-parameter model. The proposed method was also successfully applied to measure acetamiprid in spiked water samples, demonstrating its reliability and repeatability.
Introduction
The wide use of pesticides in agricultural production inevitably leads to pesticide residues as common contaminants in soil, air, water and on non-target organisms.
1 Due to the serious environmental problems and food safety issues caused by pesticide residues, global attention to pesticide residues is increasing. Acetamiprid, N-[(6-chloro-3-pyridyl)methyl]-N 0 -cyano-N-methylacetamidine, a new broad-spectrum insecticide, has been widely used to control sucking-type insects on various crops due to its relatively low acute and chronic mammalian toxicity.
2,3
Although acetamiprid is not considered a human carcinogen, it is still potentially harmful to humans, particularly where its use may be subject to abuse. A recent study has implicated acetamiprid as a cause of erectile dysfunction in human males, and acetamiprid may be responsible for declining human fertility. 4 The main routes of dissipation of imidacloprid in the environment are aqueous photolysis and plant uptake. When not exposed to light, imidacloprid breaks down slowly in water and soil and, thus, has the potential to persist in the environment.
Due to high water solubility (0.5-0.6 g L À1 ) of imidacloprid, the environmental pollution problems from imidacloprid could be more seriously in areas where soils are permeable and the water table is shallow. Hence, the development of an efficient and convenient analytical strategy with simple handling for acetamiprid detection is of great signicance. Analytical methods for pesticide residues are mainly based on chromatography methods (e.g., liquid chromatography, 5 gas chromatography, 6 chromatography coupled with mass spectrometry, 7 capillary electrophoresis, 8 enzyme immunoassay, 9 and electrochemical analysis 10 ). However, these methods suffer from disadvantages such as requiring complicated sample treatment, high time consumption, sophisticated equipment, and skilled operation staff.
Fluorescent sensors have become valuable tools in environmental contaminant analysis because of their sensitivity and simplicity. In particular, analysis methods based on uores-cence resonance energy transfer (FRET) technology have been used to detect pesticide residues in some primary reports. [11] [12] [13] In addition, aptamers have drawn increasing attention from researchers for the development of FRET sensors.
high ligand specicity, production in vitro, and robustness against thermal and chemical denaturation). 16 In addition, aptamers can easily be modied without obvious deactivation and thus may be used as effective recognition elements for ligand detection.
In recent years, in-depth understanding of nucleic-acid aptamers in terms of their conformational and ligand-binding properties led to a range of biosensor methods. Analogous to immunoassays based on the antigen antibody interaction, aptamer-based biosensor can adopt different assay congura-tions, which could be classied as electrochemical, optical and mass-sensitive, according to their signal-harvesting method in a review paper. Recently, a simple and highly sensitive aptamerbased sensor was developed in terms of chrominance and the detection limit reached 0.37 nM for selective detection of Microcystin-LR. 17 Zhao et al. 18 have also have developed a novel and ultrasensitive photoelectrochemical (PEC) sensing platform based on anti-17bestradiol aptamer as the biorecognition element onto CdSe nanoparticles-modied TiO 2 nanotube arrays. The low detection limit of 33 fM to 17b-estradiol was obtained due to the preponderant tubular microstructure and excellent photoelectrical activity of platform.
A facile aptamer-based sensing strategy was developed for dopamine detection based on FRET from rhodamine B to gold nanoparticles. 19 A sensor composed of a free aptamer, a gold nanoparticle coated with biotinylated partially complementary DNA, and Cy3-conjugated streptavidin was assembled to detect ochratoxin A based on shielding effect-induced inhibition of FRET. 20 An aptamer-based strategy was presented using multicolour dyes as donors and carbon nanoparticles as acceptors in FRET for the simultaneous detection of V. parahaemolyticus, S. aureus, and S. typhimurium with their corresponding aptamers.
21, 22 Hu and co-workers 14 developed an aptamer-based upconversion nanosensor with FRET between a Yb and Ho codoped upconversion material and gold nanoparticles to quantify acetamiprid. Although sensors based on FRET between nanoparticles and dyes have been developed and used in detection, the stoichiometric ratio of donor to acceptor and the association constant between the aptamer-modied nanomaterial and ligand remain unclear.
Previously, we successfully developed an MIP-based quantum dot (QD) uorescence quenching sensor for parathion detection. 23 To address the problems described above, here, we report a novel FRET conguration that uses a QD as the donor and a dye as the acceptor entirely concentric with the QD. In combination with the use of aptamers as recognition elements, the developed FRET system was validated as a rapid, sensitive and specic method to detect acetamiprid. In addition, we also estimated the K d for the Cy5.5-aptamer with acetamiprid.
Materials and methods

Reagents and instruments
Acetamiprid was purchased from Sigma-Aldrich. Water-soluble carboxyl-functionalized CdTe quantum dots with a maximum emission wavelength of 650 nm were purchased from China Beijing Beida Jubang Science & Technology Co., Ltd. NHydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC$HCl) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were of analytical grade and used as received. All experiments were performed in phosphate-buffered saline (PBS; 10 mM, pH 7.2). Milli-Q water was used to prepare all buffers and solutions.
Cy5.5-modied acetamiprid-binding aptamers with a sequence of 5 0 -Cy5.5-CTGAC ACCATATTAT GAAGA-3 0 and the amino-functionalized complementary structures of the acetamiprid-binding aptamer were purchased from Sangon Biological Engineering Technology & Co., Ltd. (Shanghai, China).
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An amine group was introduced in 5 of the secondary aptamers.
The absorption spectra were obtained on a 2600 UV-vis spectrophotometer (Shimadzu, Japan). The uorescence spectra were recorded on an F-7000 uorescence spectrophotometer (Hitachi, Japan). The uorescence emission spectra of samples in 96-well plates were measured using a Gemini XPS Microplate Reader (Molecular Devices, USA).
Preparation of captamer-terminated QDs
The acetamiprid aptamer-conjugated QDs were prepared using the active ester method, as described previously.
25 Briey, 0.5 mg of amino-functioned CdTe quantum dots was dispersed in 2.5 mL of PBS buffer (the QD concentration was 2.0 mmol L À1 ). Next, 100 mL of 0.1 M EDC (the EDC to QD molar ratio was 10) and 100 mL of 0.1 M NHS were added to the solution and reacted for 30 min under stirring. Then, 50 mL of the acetamiprid-binding aptamer was added, and the mixture was further agitated for 12 h at room temperature. The desired material was obtained by centrifuging for 20 min at 10 000 rpm for separation. The pellet was dispersed in a PBS buffer solution (0.01 M, pH 7.2) and washed several times to completely remove free acetamiprid aptamer. The nal conjugates were incubated in BSA solution (100 mL of 3% BSA (w/v)) at room temperature for approximately 30 min. BSA was adopted to block possible active sites and prevent non-specic absorption.
General procedures for the assessment of FRET efficiency and detection of acetamiprid
A 200 mL aliquot of a mixture composed of equal volumes of the QD-C-aptamer and Cy5.5-aptamer solutions was measured in a 96-well plates using a uorescence reader. When the QD-Captamer concentration was xed at 0.24 mM, the molar ratio of Cy/QD ranged from 1 to 10. The molar ratio of Cy/QD was varied from 0.02 to 0.64 to obtain a nal Cy5.5-aptamer concentration of 2.4 mM (Scheme 1).
To assess the effect of acetamiprid on the FRET efficiency between the QD-C-aptamer and the Cy5.5-aptamer, 50 mL samples of acetamiprid solutions of different concentrations were mixed with 50 mL of 1.5 mM Cy5.5-aptamer. Then, the mixtures were incubated for 20 min to permit sufficient reaction between acetamiprid and the Cy5.5-aptamer. Then, 50 mL of 0.24 mM QD-C-aptamer was added and incubated for 20 min. The uorescence spectra were subsequently recorded with excitation at 400 nm at room temperature.
Results and discussion
FRET efficiency analysis
The overlap of the UV-vis absorption spectrum of the Cy5.5-aptamer with the uorescence spectrum of the QD-C-aptamer is shown in Fig. 1 . There was no crosstalk between the emissions of the QD-C-aptamer and the Cy5.5-aptamer. Thus, the typical FRET process occurred between the QD-C-aptamer and the Cy5.5-aptamer (Fig. 2) , as increasing the amount of Cy5.5-aptamer decreased the QD-aptamer uorescence. The QD-Captamer mixture exhibited an emission peak at 655 nm. Upon adding Cy5.5-captamer, the emission intensity changed, decreasing at 655 nm and increasing at 708 nm (Fig. 2a) . Fig. 2b shows the intensity ratio of the 708 nm emission to the 655 nm emission as a function of added Cy5.5-aptamer; the y-axis represents I Cy /I QD , where I Cy /I QD is evaluated from I 708 / I 655 . When the added Cy5.5-aptamer was increased, the I Cy /I QD value increased due to the enhanced intensity at 708 nm and quenched intensity at 655 nm. This nding indicates that energy transfer from the QD to the dye occurred in response to the increasing amount of Cy5.5-aptamer.
We xed the QD-C-aptamer concentration at 0.24 mmol L
À1
and varied the concentration of Cy5.5-aptamer from 0.2 to 6.4 mmol L
. The value of N (i.e., the Cy5.5-aptamer/QD-C-aptamer ratio) ranged from 1 to 32. The value of E was calculated by the formula E ¼ 1 À (I DA /I D ).
26 E depends on the inverse of the sixth power of the distance between the donor and acceptor pair (r) and is given by E ¼ R 0 6 /(R 0 6 + r 6 ), where R 0 is the Förster radius at which half of the excitation energy of the donor is transferred to the acceptor chromophores. 27 The energy transfer efficiency from a QD conjugated to exactly n acceptors at a distance r from the QD centre is described as E ¼ nR 0 6 /(nR 0 6 + r 6 ). 28 R 0 depends on the uorescence quantum yield of the donor in the absence of an acceptor (f d ), the refractive index of the solution (h), the dipole angular orientation of each molecule (k 2 ) and the spectral overlap integral of the donor-acceptor pair (J) and is given by R 0 ¼ 9.78 Â 10 , and l is the wavelength in nm. The dipole orientation factor k 2 has a value of 2/3. The soware Photochem CAD 2.1 was used to calculate the spectral overlap integrals J and the Förster radius R 0 , with the given parameters of n ¼ 1.33 and j (quantum yield of the donor) ¼ 0.50. R 0 was calculated as 4.815 nm, and r was calculated as 5.134 nm by inputting the formula into the Origin soware package and drawing the regression curve of E vs. N.
The distance between the FRET donor and acceptor determines the type of energy transfer between the QD-C-aptamer and the Cy5.5-aptamer. The resonance energy transfer mechanism of FRET and/or surface energy transfer could be responsible for quenching of the donor in the presence of acceptor.
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Since the distance of 4.815 nm is shorter than 10 nm, the quenching of QD-C-aptamer uorescence is mainly attributable to the FRET mechanism.
The uorescence spectra of the QD-C-aptamer and Cy5.5-aptamer conguration are shown in Fig. 3a with a xed Cy5.5-aptamer concentration of 2.4 mmol L À1 and QD-C-aptamer concentrations 0.01-0.5 times higher than that of the Cy5.5-aptamer. As expected, increasing the QD concentration caused the Cy5.5-aptamer signal to increase progressively. In addition, the uorescence emission of the QD-C-aptamer continued to increase. The decreasing trend of energy transfer efficiency from the QD-C-aptamer to Cy5.5-aptamer with increasing QD concentration is shown in Fig. 3b , which plots the I Cy /I QD uo-rescence emission ratios as a function of Cy/QD.
Reduction of FRET efficiency by the acetamiprid
A mixture of the QD-C-aptamer and the Cy5.5-aptamer (N ¼ 5) complex in PBS buffer solution (pH ¼ 7.2) was used to investigate the ability of acetamiprid to restore the QD-aptamer Scheme 1 Schematic illustration of the fluorescence assay for the detection of acetamiprid. Fig. 1 Normalized absorption/emission spectra for the QD-Captamer and fluorescent dye that form FRET pairs. The grey shaded region indicates the overlap of the QD-C-aptamer emission spectrum with the Cy5.5-aptamer absorption spectrum. There is no cross talk of the QD-C-aptamer emission and Cy5.5-aptamer emission at 708 nm.
uorescence quenching. The original complex, with E ¼ 0.7974 and F C/Q ¼ 0.8438, exhibited remarkable FRET in the absence of acetamiprid. When acetamiprid was added to the complex, E and F C/Q decreased signicantly. Various concentrations of acetamiprid were added to the QD-aptamer-Cy5.5 complexes, and the mixtures were incubated for 0.5 h at room temperature. The uorescence was scanned with an emission window of 600-800 nm with excitation at 400 nm. The spectrum is shown in Fig. 4 . To assess the FRET restoration efficiency using a different incubation sequence, two incubation modes of the FRET-based aptasensor were investigated: (a) co-incubation of the donor, acceptor and pesticide and (b) incubation of acceptor and pesticide before donor addition (Fig. S1 †) . The uorescence intensity of the QDs at 655 nm was slightly higher prior to pesticide incubation with the Cy5.5-captamer. However, no difference in the Cy5-captamer uorescent intensity at 708 nm was observed. These observations indicate that the pesticide did not disrupt the interaction between the QD-C-aptamer and the Cy5.5-aptamer, whereas the QD-C-aptamer disturbed the interaction between the Cy5.5-aptamer and the pesticide.
Determination of acetamiprid
The plots of E and F C/Q against the acetamiprid concentration are shown in Fig. 5 . A four-parameter inhibition curve was used to quantity acetamiprid: To conrm the applicability of the developed method, acetamiprid was detected in spiked water samples. The recovery test was performed using the standard addition and ltering pretreatment procedure. The results are shown in Table S2 . † The recoveries obtained varied from 98.0% to 103%, which conrmed that the established FRET aptasensor could be applied to acetamiprid detection. For comparison, we have listed the analytical performance of different acetamiprid detection methods described in recent studies in Table S1 . † Although the lowest LOD from this work is inferior to that of the electrochemical method, the broad quantitative concentration range and relatively low LOD are merits of the present method.
Assessment of K d
The FRET conguration can also be adopted to assess the K d between acetamiprid and the aptamer. As more acetamiprid molecules are introduced into the QD-aptamer-Cy5.5 system, the FRET efficiency decreases. A 2.4 mM solution of Cy5.5-aptamer sequence was incubated with different concentrations of acetamiprid before adding the QD-aptamer. We calculated n based on the E value using the equation described above. Then, the combined and free pesticide molecules were determined in the presence of various concentrations of added acetamiprid.
The equation
can be used to measure the association constant of ligand to its target. 30 As for the aptamer of acetamiprid, Liu and co-workers 24 assessed the dissociation constant of aptamer to acetamiprid by transfer this equation
where B is the concentration of the complex, F is the concentration of free acetamiprid, B/F is the binding ratio, K d is the dissociation constant, and B 0 is the net binding sites at saturation. 30 The results are shown in Fig. 6 . A total of 0.75 mM aptamer/target complexes can be formed in a mixture of 5 mM ssDNA and 10 mM target. 24 Approximately 0.76 mM binding complexes were generated when 2.4 mM Cy5.5-aptamer solution was incubated with 10 mM acetamiprid. This assay yielded a similar K d value of 0.58 mmol L À1 , as calculated using Origin soware. Interestingly, there were two entirely different slopes in the Scatchard plots (Fig. S2 †) . In addition, the K d1 for nonspecic binding (0.046 mmol L À1 ) was signicantly lower than that for specic binding (with K d2 ¼ 0.60 mmol L À1 ). Thus, there was very strong binding of the specic aptamer with acetamiprid.
Conclusion
In conclusion, the FRET conguration comprised a combination of QD-C-aptamer and Cy5.5-aptamer and was arranged concentrically around a QD with uorescence emission centred at 655 nm. A biosensor based on this FRET conguration was proposed to detect acetamiprid through the binding of the complementary aptamer to the QDs and the aptamer of acetamiprid to Cy5.5 dye. The sensor was applied to detect acetamiprid in water in the concentration range of 0.05-1 mM with a recovery of 98-103%. This contribution provides a promising tool for organophosphorus pesticide determination and will trigger broad applications of FRET aptamer sensors for smallmolecule contamination.
